Genome dynamics relate to regulation of gene expression, the most fundamental process in biology. Yet 18 we still do not know whether the very process of transcription drives spatial organization and chromatin 19 conformation at specific gene loci. To address this issue, we have optimized the ANCHOR/ParB DNA 20 labeling system for real-time imaging and quantitative analysis of the dynamics of a single-copy 21 transgene in human cells. Transcription of the transgene under the control of the endogenous Cyclin D1 22 promoter was induced by addition of 17β-estradiol. Motion of the ANCHOR3-tagged DNA locus was 23 recorded in the same cell prior to and during appearance of nascent mRNA visualized using the MS2 24 system. We found that transcription initiation resulted in rapid confinement of the mRNA-producing 25 gene. The confinement was maintained even upon inhibition of pol2 elongation. It did not occur when 26 recruitment of pol2 or transcription initiation was blocked by anti-estrogens or Triptolide. These results 27
(called FROS for fluorescent repressor operator system ), or using multiplexed short 49 guide RNAs that stably recruit catalytically inactive dCas9-GFP fusion proteins to a large, repetitive 50 genomic region and partially unwind the target DNA sequence (Chen et al. 2013; Ma et al. 2015) . These 51 technologies confirmed that transcription impacts nuclear localization of gene domains. However, they 52 do not allow tagging of genes within immediate vicinity of regulatory elements by fear to disturb their 53 3 very function. Nevertheless, it was shown that, in yeast, the mobility of a gene was increased by 54 permanently recruiting the potent activator VP16 or chromatin remodeling factors (Neumann et al. 55 2012) . This effect could stem from constitutive local decondensation of chromatin near the labelled 56 gene. In mouse ES cells, in contrast, it was reported that in the presence of trans-activation by expressing 57 Nanog, overall gene motion was reduced (Ochiai et al. 2015) . In both studies gene motion was compared 58 in different cells. To truly assess immediate changes in chromatin motion during transcription activation, 59 DNA dynamics of a single-copy gene has to be analyzed in real-time while simultaneously monitoring 60 steps of mRNA synthesis in the same cell. 61
To achieve this, we developed a novel ANCHOR (ParB/INT) DNA labeling system (ANCHOR3) for use in 62 human cells. Stable insertion of the ANCHOR3 system into cells in which transcription of target genes can 63 be activated under physiological conditions enables fluorescence imaging of a single locus in the same 64 cell over time, without interfering with gene expression. 65
We demonstrate that the optimized ANCHOR3 system in combination with the MS2 system is ideally 66 suited for simultaneous visualization of DNA and mRNA at a single gene level in living human cells at high 67 spatio-temporal resolution. We show that transcription initiation, not elongation, constrains local 68 displacement of the hormone-induced Cyclin D1 gene as an immediate response to the transcription 69 process in human cells. 70 71 72
Results

73
To simultaneously visualize DNA and mRNA of a gene, we labeled a Cyclin D1 (CCND1) transgene with a 74 new, improved ANCHOR3 system (see materials and methods). The ANCHOR system was derived from 75 prokaryotic chromosome partitioning components and originally implemented in yeast (Saad et al. 76 2014) . Specific association of a few ParB/OR protein dimers to a limited number of parS binding sites 77 4 within the bacterial chromosome's partitioning site initiates formation of a large nucleoprotein complex 78 dependent on non-specific, dynamic ParB/OR binding and ensuing oligomerization (Passot et al. 2012; 79 Graham et al. 2014; Sanchez et al. 2015 ). The ANCHOR system thus relies simply on a short ANCH/INT 80 sequence (<1kb) that can be inserted immediately adjacent, within a few base-pairs, to regulatory 81
elements. 82
The transgene is further composed of the endogenous CCND1 promoter, a CCND1 cDNA cassette 83 including its 3'enhancer region and 24 repeats of the MS2 MCP protein-binding sequence within the 84 CCND1 3'-UTR (Yunger et al. 2010) (Fig. 1a ). The construct was inserted into an FRT site within the 85 genome of estrogen receptor alpha (ERα)-positive MCF-7 human mammary tumor cells ( Fig. 1a ). In the 86 engineered, monoclonal cells, called ANCH3-CCND1-MS2, fluorescent OR3-fusion proteins form a single 87 focus at the ANCH3 site of the transgene that can be readily tracked in real time ( Fig. 1b ; Videos S1, S2). 88
To characterize the binding kinetics of OR3 proteins at and around the ANCH3 site, we used fluorescence 89 recovery after photo-bleaching (FRAP) of OR3-EGFP labeled spots ( Fig. 1b ). Association and dissociation 90 of OR3-EGFP at the ANCH3-tagged site was in a dynamic steady state with a measured half-life of 57±2s 91 ( Fig. 1b) . To estimate the copy number of OR3 proteins at an ANCH3 site in steady state, we performed 92 confocal imaging calibrated by fluorescence correlation spectroscopy (FCS), which allowed us to convert 93 pixel fluorescence intensity to protein concentration or number ( Fig. S1a-e ). The fluorescence intensity 94 of the ANCHOR3 spot increased with OR3-EGFP abundance (Fig. S1f ). Under our OR3 expression 95 conditions, we calculated an average of 481 ± 274 fluorescent molecules per site, corresponding to a 96 significant amplification of the nine OR3 dimers bound specifically to the parS sites of the ANCH3 97 sequence ( Fig. S1f) . 98
The MCP-EGFP signal corresponding to accumulated CCND1 transcripts is detectable near the ANCHOR3-99 labeled DNA site 45 minutes after 17β-estradiol (E2) addition to G1-synchronized cells grown in steroid-100 stripped media ( Fig. 1c ; video S2), consistent with the fact that ERα target gene expression is triggered 10 101 5 minutes after E2 addition (Hah et al. 2011; Métivier et al. 2003 ). Thus, the engineered cell line enabled 102 real-time imaging of a single copy gene during transcription activation by the endogenous ERα, under 103 physiological conditions. 104
To directly test whether changes in gene expression impact local chromatin dynamics, we recorded the 105 motion of the fluorescent ANCHOR3-Santaka-tagged gene in the same cell prior to and 45 min after 106 adding 100nM E2, while monitoring the appearance of MCP-EGFP-labelled mRNA signals ( Fig. 1c ). Live 107 cell tracking revealed that movement of the CCND1 gene is locally constrained upon induction of its 108 transcription ( Fig. 1d, table 1 ). We quantified the average displacement of the tagged transgene by 109 plotting the mean square displacement (MSD) to each time interval ∆t (see materials and methods). 110 MSD curves calculated from time-lapse image series acquired with an inter-frame interval of 250 ms for 111 a total of 50 s are shown in Fig. 2a . We found that MSD plots of E2-activated CCND1 differed significantly 112 from those of non-activated cells ( Fig.2a left panels, Fig. S2, S3 ). In contrast, E2 had no effect on the 113 behavior of a non-genic ANCH3-only construct integrated at the same genomic location ( Fig. 2a right 114 panels, Fig. S2, S3 ), confirming that the measured decline in mobility was due to transcription of the 115 transgene rather than to unspecific, genome-wide effects of hormone addition. We also examined the 116 motion of the ANCH3-CCND1-MS2 or ANCH3-only constructs inserted into distinct chromosomes (G7, 117 A11 and D11 clones; Fig. 2a , Fig. S2 ). At the single cell level, we recorded large variations in MSD of the 118 transgene in all clones, but these variations did not correlate with any specific insertion site ( Fig. S2 ). 119 Intriguingly, motion of the ANCH3-tagged single gene locus followed two distinct regimes with an 120 increase in the slope of the recorded MSD at time intervals >5 s in these human mammary tumor cells 121 synchronized in G1 ( Fig. 2b left panel, Fig. S2 ). The average MSD curves over 21 trajectories followed a 122 non-linear, anomalous diffusive behavior characteristic of objects moving in complex environments such 123 as the nucleoplasm (Saxton 2009)( Fig. S2 ). Hence, we analyzed these MSDs on the basis of a generalized 124 diffusion model obeying a power law MSD~kτ α with k as prefactor, t the time interval, and α the 125 ~0.5) consistent with significant confinement of the actively transcribed locus (Fig. 2b) . 133
To fully exploit our ability to track a single gene, we computed an average squared displacement from 2s 134 to 40 s (mean MSD) before and after induction of transcription in the same cell. For both constructs, in 135 the absence of E2, the mean MSD ranged from 0.009 to 0.290 µm 2 (Fig. 2c ). This heterogeneity in the 136 amplitude of motion is coherent with variations in the nuclear environment owing to crowding in 137 To more accurately describe the behavior of the tracked chromatin locus, we determined its area of 143 confinement, track length and speed in addition to time averaged MSDs which suffer from 144 approximating experimental errors (Kepten et al. 2015) . We found that spatial confinement of the 145 transcribed locus reflected obstructed diffusion. The nuclear area explored by the tagged locus over a 50 146 s time interval in the absence of hormone was reduced by 33% upon addition of E2, from 0.175 ±0.119 147 µm 2 (n=63, no E2, no detectable MCP labeled mRNA) to 0.117 ±0.006µm 2 (n=34; visible mRNA 148 accumulation at the tagged locus after 45 min E2) ( Fig. 2d, table 1) . Surprisingly, the mean step size of 149 7 the tracked locus was greater after E2 addition ( Fig. 2e ) and, as a consequence, the apparent velocity of 150 the transcribed CCND1 locus increased from 0.26 µm/s to 0.29 µm/s (table 1) . The ANCH3-only locus did 151 not alter its speed in the presence of E2 (table 1) We next assessed the role of pol2 activity on motion of the tagged CCND1 locus using two distinct pol2 165 inhibitors ( Fig. 3 ). E2-stimulated cells were treated with an elongation-inhibitor, the adenosine analogue 166 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB). CCND1 mRNA signals disappeared 30 min after 167 addition of 50µM DRB to ANCH3-CCND1-MS2 cells indicating that completion of elongation, i.e. 168 transcription of the 3'UTR including MS2 repeats, was efficiently inhibited (Fig. 3b ). The appearance of 169 the MSD plot of the CCND1 locus tracking after DRB addition to cells maintained in E2-containing 170 medium was similar to the one in cells which had not been treated with DRB ( Fig. 3b , single cell MSD 171 curves), suggesting that confined motion was sustained despite blocking elongation. Mean MSD values 172 and area of confinement for several cells analyzed 45 min after E2 stimulation and 30 min after adding 173 adding hormone, we again observed a rapid decline in CCND1 motion upon mRNA production in every 175 single cell analyzed ( Fig. 3d ). It is further known that in DRB-treated cells, transcription initiation by pol2 176 is preserved but elongation aborts rapidly within the first transcribed exon (Gribnau et al. 1998). Our 177 observations let us speculate that initiating but not elongating pol2 confines chromatin dynamics locally. 178
To confirm this hypothesis, we analyzed the tagged gene's motion in cells treated with 500 nM Triptolide 179 (TPL), an inhibitor of TFIIH that blocks pol2 at the promoter after PIC assembly (Vispé et intensity RI at time point t i (Fig. S1d) is given by 308 (Eq. S1) 14 whereby the data was normalized to the average of the first three pre-bleach images and bleach 309 corrected using an exponential factor. The bleaching rate was estimated from the FRAP time-courses 310 without bleaching the ANCHOR3 spots. Overall bleaching was below 10% within the acquired 40 frames. 311
The post-bleach kinetics were fitted to a single exponential function as described in the legend to Fig.  312 S1d. 313
Fluorescence correlation spectroscopy (FCS) and protein number estimation 314
Imaging and photon counts were acquired on a Zeiss LSM780 ConfoCor3 confocal microscope using a 315 40x, 1.2 NA, water Korr FCS objective. Cells were imaged (Δx, Δy = 83 nm, Δz = 0.4, 164x164 pixels, 9 z-316 slices) and subsequently two positions in the nucleus outside of ANCHOR3 spots were selected for FCS at 317 The concentration of molecules in the effective focal volume V eff is given by , where 337 and N A is the Avogadro's constant. The lateral focus radius w 0 is given by 338
where is the characteristic diffusion correlation time measured for Alexa488. 339
The counts per molecule are given by , where is the average photon counts. 340
For each experiment, a calibration curve (Fig. S1c) was calculated from the mean fluorescence intensity 341 (FI) and the concentration obtained from FCS. The mean FI was measured in a 5x5 px large square at the 342 location of the FCS measurement. The data points were fit to a line that describes the relationship 343 between fluorescence intensity FI and concentration C: 344 (Eq. S3) Based on Eq. S3, each pixel of images acquired with the same settings as the pre-FCS images can be 345 converted to a concentration. The protein number in each voxel was obtained by multiplying the 346 concentration C with the voxel volume V vox and N A (see Fig. S1e) . Averaged MSD resulted from averaging the MSD at each time interval (Fig. 2b, n=14 ). Mean MSD were 400 extracted from the average squared displacement from 2s to 40 s of the ANCH3 locus during the time of 401 acquisition in one cell (Fig. 2c, 3c , 3d, 3f and 3g, n=15,n=21, n=9, n=7, n=3 and n=10 respectively). Areas 402 of confinement were obtained using the raw trajectories over 50sec and fitted based on an ellipse. 403
Statistics 404
Results were analyzed using two different tests. A Student's t-test with a confidence interval of 95% was 405 used for data presented in Fig. 2c, 2d 
